The contribution of sarcoplasmic reticulum (SR) Ca2' release to evoked tension in rat arterial rings was studied by comparing the effects of ryanodine (an SR Ca2' channel opener) and thapsigargin and cyclopiazonic acid (CPA) (two Ca2'-ATPase inhibitors). Isometric 
The vasoconstrictors also activate the formation of inositol-1,4,5-trisphosphate (IP3), which, in turn, evokes the release of Ca21 from intracellular stores located mainly in the sarcoplasmic reticulum (SR).5-7
The relative contributions of vasoconstrictor-evoked CPA is an indole tetramic acid metabolite of Aspergillus and Penicillium. CPA was found to be a selective inhibitor of the SR Ca2+-ATPase in skeletal muscle. 30 Thus, the mechanism of modulation of Ca24 stores by ryanodine, which promotes Ca24 release, appears to be different from that of thapsigargin and CPA, which both inhibit the ATP-driven sequestration system.
We tested the effects of ryanodine, thapsigargin, and CPA on small rings of rat thoracic aorta (a conduit artery) and a small (second-order) branch of the superior mesenteric artery (SMA, a small muscular artery).
Our aims were to compare the actions of these three agents and to determine the relative contribution of the SR to contractions induced by serotonin (5-HT), K+, and caffeine in the two types of arteries.
Materials and Methods

Experimental Methods
Rings of rat thoracic aorta and SMA were used for these experiments. Details of the experimental procedures and statistical methods have been described31; unless otherwise noted, statistical data refer to Student's paired t test.
Reagents and Solutions
The composition of the standard physiological salt solution (PSS) and other solutions used for these studies has been described. 31 CPA was purchased from Sigma Chemical Co., St. Louis, Mo.; thapsigargin was obtained from LC Services Calbiochem Corp., La Jolla, Calif. Sources of other reagents and drugs are given in the preceding article. 31 All drug solutions were made on the day of use. Ryanodine and thapsigargin were made as 1 mM stock solutions in 10% dimethyl sulfoxide; CPA was made as a 10 mM stock solution in 100% dimethyl sulfoxide; caffeine was directly dissolved in PSS. The preparation of other solutions is described elsewhere. 31 The final concentration of dimethyl sulfoxide in PSS was always less than 0.1%.
Results
Control Responses of Rat Aorta and Small Mesenteric Artery to Serotonin, K', and Caffeine Figure 1 illustrates the effects of 5 -HT on tension in rings of rat aorta and SMA. During superfusion with control PSS, short exposures to 5 -HT induced brief contractions in both types of rings, followed by relaxation back to the original "resting" tension as the 5-HT was washed out.
When the external media contained elevated (30 Superfusion of aortic rings with PSS containing 10 mM caffeine for 5 minutes evoked brief contractions that were invariably followed by a reversible caffeineinduced relaxation to below the original resting tension ( Figures 1A and 1B) . Caffeine also induced a transient contraction in SMA, but tension then returned to the original baseline and no further relaxation was observed ( Figure 1C ).
Effects of Ryanodine on Responses to Serotonin, K+, and Caffeine Ryanodine (10 gM) had no effect on resting tension in either aorta or SMA (Figure 1 ). It markedly suppressed the contractile responses to caffeine in both types of arteries but did not inhibit the caffeine-induced relaxation in the aorta (Figure 1) .
The effects of ryanodine on caffeine-evoked contractions from several such experiments are summarized in Figure 3 . Ryanodine almost completely blocked the initial contractile response to caffeine in the SMA. In the aorta, however, ryanodine reduced the first response to caffeine by only 27+7% (n=6), but it completely blocked the second response to caffeine. This partial block of the contraction during the first exposure to caffeine in the aorta was not influenced by prior exposure to 5-HT; for example, it did not matter whether the ring had been activated by 5 -HT only twice ( Figure 1A ) or seven times ( Figure 1B ), so that the caffeine-sensitive SR Ca'4 store did not seem to be unloaded by 5 -HT in the presence of ryanodine. Moreover, this store was also not reloaded by 5 -HT in the Corp., Woburn, Mass.; ryanodine was obtained from caffeine was completely blocked, subsequent activation by 5-HT did not restore the caffeine response ( Figure  1B ). After washout of ryanodine, the caffeine contractions slowly recovered in both the aorta4 and SMA ( Figure 1C ).
Figures 1A and 1B show that 5-HT-induced contractions in aortic rings were significantly diminished by ryanodine before the application of caffeine (62+6% of control, n=7, p<0.01). However, when the caffeinesensitive Ca21 stores were depleted by the application of caffeine in the presence of ryanodine, the 5-HT-evoked responses were significantly augmented (144+11% of control, n=6, p<0.05). In contrast, in the SMA, 5-HTevoked contractions were invariably augmented by ryanodine, even before the application of caffeine (153+7% of control, n=8, p<0.01; see Figure 1C ), although in this case, as already noted, the caffeinesensitive stores were markedly depleted by ryanodine (Figure 3 , open triangles). In contrast, thapsigargin reduced the initial response of the aorta to caffeine by 57±8% relative to control (n=6), but little further reduction was observed with subsequent exposures to caffeine (Figure 3 , solid triangles). The effects of thapsigargin and the other SR inhibitors were additive, however: in the presence of thapsigargin, ryanodine ( Figure 6A ) and CPA (not shown) both blocked the residual (thapsigargin-msensitive) caffeine-induced contractions in the aorta. Thapsigargin (1 ,uM) diminished the 5-HT-evoked responses in aortic rings to 29±5% of control (n=6, p<0.01). In contrast to the effects observed with ryanodine, however, the 5-HT-evoked responses in the aorta were attenuated by thapsigargin even after exposure to caffeine (Figures 6A and 6C and hatched bars in Figure 4 ) and even when the thapsigargin concentration was increased to 5 Figure 7 , and the data from three such experiments are summarized in Figure 5 (hatched bars).
Effects of Cyclopiazonic Acid on Resting Tension and on Serotonin-, Caffeine-, and K+-Evoked Tension
In contrast to ryanodine and thapsigargin, CPA increased unstimulated tension in the aorta, at least transiently ( Figures 8A and 8B ). On the average, 20 ,uM CPA raised aortic resting tension by about 16.3+±4.8 mg/mg wet wt (n=9). The effect of CPA on resting tension in SMA was variable: 5-20 puM CPA induced large, unstable increases in resting tension in three of seven rings ( Figure 8C ) but had no measurable effect in the other four rings (not shown).
CPA, like ryanodine, virtually abolished the contractile responses to caffeine in both the aorta and SMA (Figure 3, squares) and had no effect on caffeine-induced relaxation in the aorta (Figures 8A and  8B ). Unlike the other agents, however, the effect of CPA on the aorta was relatively rapid, and even the first response to caffeine was markedly reduced. CPA could also be washed out more readily than ryanodine or thapsigargin; after washout, large caffeine-induced contractions reappeared in both the aorta and SMA (Figure 8 ).
The effect of CPA on 5-HT-evoked contractions in SMA (Figures 4 and 8C ) was similar to the effects observed with ryanodine and thapsigargin; CPA markedly and reversibly increased the responses to 219 +33% of control (n=4).
In four of nine aortic rings exposed to CPA for 30 minutes, the tension evoked by 5-HT was reduced to 74±7% of control (p<0.05); the 5-HT-evoked tension in these rings was much further reduced, to 20+±3% of control (p<0.01), after exposure to caffeine (Figures 4  and 8B ). In the other five aortic rings, however, after 30 minutes of superfusion with CPA, the tension evoked by the initial application of 5 -HT was increased to 218+23% of control (p<0.01). Tension was still substantially augmented, albeit to a smaller extent, in all of these rings after exposure to caffeine (171+21% of control; p<0.05) (Figures 4 and 8A) .
CPA also augmented the K'-evoked contractions in both SMA (Figure 9 ) and the single aortic ring in which it was tested (not shown). this fits with the evidence that there are (at least) two classes of endoplasmic reticulum Ca'+-ATPases, only one of which is inhibited by thapsigargin.34
The SR in VSM is apparently neither structurally nor functionally homogeneous; e.g., it may be divided into peripheral or "junctional" SR and central or "perinuclear" SR.10 Moreover, SR Ca> may be released by a Ca`4-induced mechanism or by an 1P3-activated mechanism, and these two mechanisms may reside in different portions of the smooth muscle SR.33 Our observations (and see Reference 28) raise the possibility that these VSM Ca>2 stores may also be pharmacologically heterogeneous.
All three agents inhibited the caffeine-evoked increase in tension in both aortic and SMA rings ( Figure  3 ), presumably by depleting the VSM caffeine-sensitive SR Ca>2 stores. However, whereas CPA and ryanodine blocked almost all of the caffeine-evoked tension in both types of rings, thapsigargin reduced these responses by a maximum of only about 70%. The residual, thapsigargin-insensitive component may represent a different (perhaps IP3-insensitive) SR Ca2+ store.
None of the three agents affected the caffeine-induced relaxation response in the aorta. Thus, they apparently have no effect on the caffeine-sensitive cyclic nucleotide phosphodiesterase. Ca2' conductance, and enhance the sensitivity of the contractile apparatus to Ca'2 (see Reference 31) . In the preceding report,3' we described differences in the effects of phorbol esters on the agonist-evoked versus K+-evoked responses of the aorta and SMA. The fact that thapsigargin attenuated both K+-evoked and 5-HT-evoked contractions in the aorta while phorbols augmented these responses is consistent with the idea that the dominant effect of the phorbols on the aorta is to enhance Ca'+ sensitivity and/or Ca'+ entry. In SMA, phorbol esters and thapsigargin both increased K+-evoked contractions, but only thapsigargin increased 5-HT-evoked contractions. We have attributed the latter effect to a reduction in Ca2' buffering; it cannot be explained by depletion of SR Ca2' stores even though thapsigargin did reduce caffeine-evoked contractions.
Thus, it appears that the inhibitory effect of phorbols on 5-HT-evoked contractions in SMA31 may be due primarily to a large reduction in the availability of Ca'+ and perhaps also in part to an increase in Ca'+ buffering.
